The present study deals with the synthesis, characterization, physical and thermodynamic properties of a novel anionic surfactant derived from Sapindus laurifolius for its potential application against conventional non-biodegradable surfactants. The synthesized surfactant was characterized by FTIR, GC-MS, EDX and FE-SEM analyses. The surfactant showed good thermal stability at different temperatures as obtained from TGA studies. Critical micelle concentration (CMC) values were obtained by surface tensiometry measurements. DLS studies revealed the micelle structures of the CMC aggregates at higher concentrations. Low interfacial tension values were obtained at the oil-aqueous interfaces for surfactant solutions. The effect of temperature on the interfacial behaviour was also investigated. Thermodynamic studies showed that adsorption was more favoured in comparison to micellization for all systems. Foam stability studies were performed as a function of time and concentration by the Bartsch method. The surfactant also formed stable emulsions at concentrations near the CMC value. A comprehensive assessment of the thermal, interfacial, foaming and emulsifying properties of the soap-nut-based surfactant provides grounds for potential application in a wide range of industries.
Introduction
Surfactants are organic compounds possessing both hydrophilic and hydrophobic groups. Because of their behavioural characteristic of reducing surface tension at the water-air and oil-water interfaces, they are used widely in various industries as occulating and wetting agents, adhesives, inks, emulsiers and de-emulsiers and in the oil and gas industries. [1] [2] [3] [4] However, most of the commercial synthetic surfactants have signicant detrimental effects on the environment, which has driven researchers to synthesize natural surfactants from renewable resources.
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The focus on an eco-friendly environment concerns the use of surfactants and creates interest to develop a natural surfactant against commercial non-biodegradable surfactant.
Natural surfactants are directly obtained from natural resources or represent a modied form of natural resources that are biodegradable in nature. In the past years, various natural surfactants have been reported that have been directly or indirectly derived from natural raw material belonging to the genus Sapindacea and that can serve as an alternative source to other commercially available surfactants. 8, 9 Surfactants obtained from fatty acid esters of sugars, amides and the esters of fatty acids can be used as a substituent for synthetic surfactants.
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Natural surfactant can also be prepared from the esterication of vegetable oils [12] [13] [14] or the epoxidation of various edible and non-edible oil. These naturally synthesized surfactants have an advantage over synthetic surfactants as they are cost effective and biodegradable. A new non-edible source, namely the Sapindus mukorossi fruit, has been identied and studies have been conducted to investigate the possibility to use it in the eld of surfactant science. S. mukorossi is a large tree belonging to the family Sapindacea. This species is widely spread in a wide range and ourishes well in loamy soil and in regions experiencing around 80-100 cm annual rainfall. The fruit is about 2-2.5 cm in diameter and consists of a pericarp and a hard seed. The soap-nut kernel has about 30% oil content by weight. The soap-nut fruits are reported to contain glycosides and fatty ester of tetracyclic triterpenoids. Soap-nut pericarp is traditionally used as a cleaning agent in laundries.
The increased use of commercial surfactants for industrial and domestic purposes imposes serious concerns for the environment as most of their constituents are dispersed in various compartments of the environment, like in soil, water, sediment, etc. The synthetic surfactants used nowadays can restrict the auto-ltering activity of marine animals. 15 Such synthetic compounds thus cause serious pollution to the marine life and can also cause much damage to humans in the form of dermatitis, irritation and respiratory problems. Consequently, researchers around the world are actively seeking alternative sources of these synthetic surfactants that are economically viable and environmental friendly. 16 The main objective of the present study is to synthesize a natural surfactant from soap-nut and to provide a substitute to commercially available surfactants. Characterization of the synthesized product was done using GC-MS, FTIR analysis, FE-SEM and EDX analysis. The interfacial properties at the airwater interface of the synthesized surfactant were investigated at different concentrations and as a function of temperature. The interfacial tension of the soap-nut surfactant at the oilwater interface was studied by varying the effective alkane carbon number (EACN). The thermodynamic and adsorption properties were also studied for the surfactant system using parameters like micellization, the Gibbs free energy of micellization and adsorption derived from a surface tension study. The foamability of the surfactant solution was studied as a function of time to predict the particle adsorption at the bubble surface and foam stability. The emulsion stability was also studied with heptane to determine the efficiency of the surfactant to be used as an emulsier.
Experimental methods

Materials required
Soap-nut fruits were procured from a local market. Ethanol, concentrated sulfuric acid, diethyl ethyl ether, pyridine, chlorosulfonic acid, sodium carbonate, sodium hydrogen carbonate and normal butanol were obtained from Merck (India). Alkanes, like heptane, decane and dodecane, were obtained from Rankem, India. Table 1 represents the constituents of the soap-nut oil derived from the soap-nut fruit obtained from the central region of India.
Synthesis of an anionic surfactant from soap-nut pericarp
Step 1 Oil extraction and esterication. The fruit pericarp was separated from the seed by manual crushing. The pericarp and seeds were dried in an oven for 24 h to remove the moisture. The dried components were well crushed so they could be used for the oil extraction process. The oil was extracted from the seed in a Soxhlet apparatus using a solvent system. Here, 100 g of dried seed powder was placed in a round-bottomed ask with 600 mL of petroleum ether as a solvent, under the approximate temperature of 343 K overnight, protected from light for a period of 12 h. The oil was extracted by removing the solvent under reduced pressure by a rotatory evaporator at a temperature of 323 K. The oil obtained was weighted and the oil percentage was measured on the basis of dry weight. Soap-nut oil obtained from the soap-nut was esteried using an acid and base as a catalyst. The vegetable oil was mixed with methanol in the ratio (1 : 5 and 1 : 10) and a drop of KOH (base) was added to the reaction mixture to catalyze the reaction. The alcoholysis reaction in (Fig. 1) was reversible, therefore, an excess amount of alcohol was used to shi the equilibrium in the direction of product formation. The soap-nut oil used in the trans-esteried process was pre-treated to remove the free fatty acid content.
The percentage of esterication could be calculated by the formulae in eqn (1):
The degree of esterication was studied as a function of the oil methanol ratio (1 : 5, 1 : 10), and the percentage yield for the above two ratios was found to 87.6% and 88.9%. With the increasing concentration of methanol, the percentage yield was found to increase.
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Step 2 Sulfonation reaction. The intermediate product (compound 1) obtained in the trans-esterication reaction was used to synthesize the desired surfactant by sulfonation of the soap-nut oil methyl ester. In this the sulfonation process, chloro-sulfonic acid was added to pyridine in a round-bottomed reaction ask. The reaction was carried out under constant stirring for 30 min in an ice bath as the reaction was exothermic in nature and soap-nut methyl ester was added to the reaction mixture. The reaction mixture was heated at 333 K to obtain a clear solution, which was then quenched with a saturated solution of sodium carbonate and sodium hydrogen carbonate. Normal butanol was used to dissolve the unreacted components in the organic layer and to obtain the desired product in an aqueous layer, which was then rota-evaporated to obtain a solid mixture. The organic impurities from the nal product were eliminated by washing it with petroleum ether carefully. The nal slightly brown solid product (compound 2) was obtained by vacuum drying the product at 338 K overnight and was then characterized by FTIR and GC-MS. The soap-nut oil used in the synthesis chiey contained oleic acid, palmitic acid, linoleic acid and arachidic acid along with traces of unidentied saturated and unsaturated fatty acids. Hence, the nal solid surfactant formed in the sulfonation process was a mixture of the sulfonated ester. A owchart representing the preparation step of the soap-nut surfactant is shown in Fig. 2 .
Characterization by FTIR, GC-MS, TGA and FE-SEM analyses
The FTIR analysis of the synthesized surfactant was done using a Perkin Elmer-Spectrum 2 spectrophotometer to detect the functional group constituents of the newly synthesized sulfonated ester surfactant derived from the soap-nut oil. A pellet of synthesized soap-nut surfactant was prepared using KBr for FTIR analysis. The surface morphology of the synthesized surfactant was analyzed by FE-SEM analysis using a SUPRA-55 instrument (ZEISS, Germany). The soap-nut surfactant was made moisture free by keeping it in a desiccator for 24 h. Gas chromatography coupled with mass spectrometry (Jeol GC-Mate II GC-MS) was used to determine the constituents of the methyl ester synthesized from the soap-nut oil. TGA analysis of the surfactant synthesized from the soapnut oil was done to calculate its thermal stability using a thermogravimeter analyzer (Netzsch-STA 449 Jupiter).
Conductivity measurements
The electrical conductivities of the synthesized soap-nut surfactant solutions with varying concentrations were 
Interfacial tension measurements at the air-water interface
The interfacial tension at the air-water interface and the CMC of the synthesized surfactant were measured using the Du Nouy ring method (Easy Dyne, Kruss Germany) in a wide range of temperatures (298 K, 313 K, 323 K, 333 K, 348 K). The surface tension was calculated for the aqueous solution of the synthesized surfactant at different surfactant concentrations. Surface tension values for each individual sample were measured three times to maintain the consistency of the results, and the nal recorded values were taken as the average of the measured values. Aer measuring each set of different concentrations, the platinum ring used in the experiment was cleaned using acetone and was dried with a ame for the next set of experiments. Electrical conductivity measurements were performed with a Hanna HI-2003 conductivity meter to determine the Kra temperature.
Dynamic light scattering measurements
The size distribution of surfactant molecules in aqueous solution was determined by dynamic light scattering experiments at 298 K using Zetasizer Nano S90 (Malvern Instruments, UK). It measures the particle size by measuring rate of diffusion of particles in solution using Stokes-Einstein equation. Measurements were performed at two different concentrations of surfactant solution, one at the CMC (9.3 mM) and the other at a higher concentration (11.3 mM). In this technique, the diffusion of particles moving under Brownian motion is measured and converted to the hydrodynamic diameter (d h ) of droplets using Stokes-Einstein eqn (2), which is expressed below as
where k b is the Boltzmann constant, D is the diffusion coefficient and h is the viscosity of solvents at temperature (T). Three measurements were taken for each sample to check the consistency of the results.
Interfacial tension measurements at the oil-water interface
The interfacial tension at the oil-water interface and the CMC of the synthesized soap-nut surfactant was measured by using a spinning drop tensiometer (Data Physics) at 303 K. Interfacial tension was measured for an aqueous solution of the synthesized surfactant at different concentrations. Interfacial tension values for each individual sample were measured twice to check the accuracy of the results. The measured value of the interfacial tension of distilled water at the oil-water interface using heptane was found to be 48 mN m À1 at 303 K.
Foamability and foam stability studies
Foams were prepared by the Bartsch method, 18 whereby the foam was created by 20 vigorous shakings by hand of a closed cylinder containing 15 mL of surfactant solution and the remaining air (60 mL height). The mixture was shaken 10 times, with the same intensity for every set of experiments, and the foam height was observed for a period of 60 minutes. 19 This method was used to evaluate the foam stability. At any instant, the foam height was measured as the difference between the total height of the foam-liquid system and the liquid level in the column. In this study, another important parameter known as the half-decay time was determined for each surfactant concentration. The half-decay time is dened as the time taken by the foam to reach one-half of its initial foam height value. It is also a parameter of the foam stability property, whereby the longer the half-decay time value, the greater is the foam stability.
Emulsion stability
The emulsication properties of the soap-nut surfactant were studied. 20 Oil and the aqueous surfactant solution at different concentrations were mixed thoroughly by vigorous shaking in conical graduated tubes. The stability of the emulsion was tested by measuring the time required to separate the surfactant solution from the emulsion.
Results and discussion
FTIR spectrum analysis
The FTIR spectrum of the synthesized surfactant was recorded in the range of 4000-400 cm À1 . The IR spectra of the soap-nut ester and soap-nut sulfonated ester are shown in (Fig. 3 and  4 indicate the asymmetrical axial stretching vibration of the C-O ester group. Fig. 4 shows the FTIR spectrum of the surfactant derived from the soap-nut oil methyl ester. The characteristic peak for the ester group of the intermediate ester is also present in the nal synthesized product. The ester group peak is slightly shied from the previous point, which may be due to the introduction of a polar group, which leads to the shi in peak to 1713 cm À1 . The absorbance bands for different functional groups and bonds are depicted in Fig. 4 . The newly introduced absorption peaks for the stretching vibration of sulfonate groups S]O and S-O appear at 1114 cm À1 , 844 cm À1 and 623 cm À1 respectively. Thus, the FTIR results conrm the sulfonation of the soap-nut methyl ester to form the resultant desired product of a methyl ester sulfonate.
GC-MS analysis of the soap-nut surfactant
Seven fatty acid methyl esters were analyzed and identied using gas chromatography combined with mass spectrometry (GC-MS) in the soap-nut oil methyl ester formed aer transesterication of the extracted soap-nut oil. The fatty acid methyl ester detected was a mixture of unsaturated and saturated forms, mainly palmitic (16 : 0), linoleic (18 : 2), oleic (18 : 1), stearic (18 : 0), eicosenoic (20 : 1), arachidic (20 : 0) and behenic (22 : 0), as depicted in Fig. 5 . The fatty acid methyl ester composition was identied using mass spectrometry and compared to the library, which permitted us to attribute the molecular formulae of different derivatives forming the constituents of the fatty acid. Table 2 also provides the retention time of the elutions along with the relative area of each peak identied in the gas chromatogram. Among the all identied esters, it was observed that oleic acid was the major component in the soap-nut oil extracted from the soap-nut fruit. The composition of the soap-nut oil methyl ester was found to be similar to the composition reported by other research groups.
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Reaction scheme of the soap-nut surfactant Fig. 6 shows the mechanism of reaction for the synthesis of the soap-nut surfactant. The fatty acid obtained aer extraction was rst esteried in an acid-catalyzed reaction in the presence of methanol to obtain a methyl ester moiety in the fatty acid chain. In the sulfonation step, pyridine is added as a base to abstract the a-hydrogen from the ester group, being the most reactive site for the reaction to take place easily compared to the other available reactive sites, like the unsaturation sites present in the fatty acid. The sulfonate group was attached to the a-position of the ester group.
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FE-SEM analysis of the soap-nut surfactant FE-SEM analysis of the surfactant derived from soap-nut oil was performed to study the surface morphology. Fig. 7a at 25kÂ zoom shows that the surfactant molecules appear to be in cluster form and are compact and bound tightly with the vicinal molecules. The image shown in Fig. 7b at 50kÂ zoom illustrates that the particles are rod-like and irregular in shape, and are well dispersed within the area under analysis.
EDX spectrum of the soap-nut oil surfactant
In EDX analysis of the soap-nut surfactant, ve elements were observed: carbon (C), oxygen (O), sodium (Na), sulfur (S) and platinum (Pt), as shown in (Fig. 8) . The platinum (Pt) peak characterized in the spectra was due to the presence of coating materials used along with the surfactant during the analysis. All the remaining elements present correspond to different components of the synthesized surfactant. The EDX data clearly show the presence of sulfur as a chloro-sulfonic acid used in the sulfonation reaction, which indicates the formation of the desired product. The presence of sodium shows that the anionic surfactant exists in the form of a sodium salt. No extra peak of any other element is depicted in the EDX spectra, which indicates that the synthesized surfactant is pure and free from any other elemental impurities.
Thermal gravimetric analysis of the synthesized surfactant
The thermal stability of the soap-nut surfactant was studied by thermogravimetric analysis (TGA). The weight loss percentages are depicted with the increase in temperature in Fig. 9 . The TGA plot shows that the initial thermal loss occurs from 373 K to 533 K, wherein about a 6% loss in weight is observed. The initial decomposition up to 373 K marks the removal of moisture from Fig. 9 Thermal stability curve for the synthesized surfactant. the surfactant. The second decomposition peak marks the decomposition of any oxides present as impurities in the surfactant and the nal peaks marks the degradation of surfactant at a temperature of around 523 K. No further loss in weight was observed above this temperature, which shows that the soap-nut surfactant was thermally stable even at higher temperatures. The presence of both saturated and unsaturated fatty acids in the soap-nut oil supports the good thermal stability of the synthesized surfactant as these fatty acids require a high temperature for their degradation. The antioxidants present in soap-nut oil aid have good thermal stability. The thermogravimetric analysis of the soap-nut surfactant was compared with the other commercial surfactants available on the market, like sodium dodecyl sulfate (SDS) and a natural surfactant derived from castor oil. Upon comparing the results of TGA, it was found that the soap-nut surfactant was stable at up to 473 K for its rst weight loss but SDS and castor oil surfactant showed their initial degradation below 400 K and even a loss of 30-40% weight up to 450 K. This clearly indicates that the surfactant synthesized from soap-nut oil can be applied for application in diverse elds where there is a requirement for high temperature stability.
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Determination of the critical micelle concentration Conductivity studies were conducted to determine the CMC of the surfactant system. The effects of concentration and temperature on the CMC are shown in Fig. 10 . Using Williams' method, the CMC value was obtained at the breakpoint of the linear points of the conductivity versus concentration plots.
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The sudden change in slope was attributed to the binding of counterions to the micelles to occulate and shows the lower mobility of micelles in comparison to surfactant molecules that do not occulate at a lower surfactant concentration. It was observed that the CMC increased with temperature due to a delay in the micellization process in the aqueous phase. The increase in temperature distorts the structured water contiguous to the hydrophobic group, which leads to a shiing of the monomers-micelle equilibrium in favour of the monomer and promotes micellization at a higher concentration of surfactant. 30 The CMC values of the soap-nut surfactant were found to be 9.3 mM at 298 K, 9.8 mM at 313 K, 10.3 mM at 323 K, 10.8 mM at 333 K and 11.3 mM at 348 K.
Surface tension, Kra temperature and critical micelle concentration at the air-water interface
The surface tension of water at the air-water interface decreases to a minimum value and becomes almost constant or it may show a slight increase in this value with the increase in concentration of the surfactant solution, causing an improved adsorption ability at the interface with the increase in concentration. The sharp decrease in the value of surface tension indicates that the surfactant molecules have greater affinity towards the air-water interface. The specic concentration value at which the surfactant molecules are completely adsorbed at the air-water interface, thus favouring the formation of micelles, is called the critical micelle concentration (CMC). To determine the Kra temperature, the surfactant solution (0.9 wt%) was prepared by adding 50 mL of hot water and then keeping under refrigeration at around 277-278 K for 24 h. The temperature of the cooled surfactant solution was raised gradually under constant stirring, and the conductance (k) was measured with every 2 K rise in temperature. A sudden change in the value of k versus temperature was not seen as the Kra temperature of the surfactant solution was observed to be less than 277 K. The surfactant solution showed clear visibility at room temperature of 303 K, which showed its good water solubility due to the polar sulfonate group present in the chemical compound.
Natural surfactants prepared from vegetables oil have higher CMC values and show a greater tendency of adsorption at airwater interfaces. These types of surfactant require more a number of surfactant molecules to be adsorbed at the interface. The surface activity of the surfactant molecules at the airwater interface varies with the concentration of the surfactant solution in the bulk phase. The surface tension verses concentration curves of surfactant solutions at different temperatures are depicted in Fig. 11 . As the concentration of the synthesized surfactant solution increases, the surface tension values decrease as there is an enhancement in adsorption of the surfactant molecules at the interface of air and water, 31 and this trend was observed until the concentration reached the CMC value at approx. (as also observed by conductivity studies) 9.3 mM, 9.8 mM, 10.3 mM, 10.8 mM and 11.3 mM at 298 K, 313 K, 323 K, 333 K and 348 K having respective surface tension values of 37.1, 33.4, 32.4, 29.6 and 28.6 mN m À1 . It was observed that as the temperature increases, the CMC of the surfactant increases, due to the lower probability of hydrogen bond formation at higher temperatures. A similar trend of increasing CMC and decreasing surface tension values was observed by other researchers. 32, 33 Aer the CMC, the surface tension curve attains a constant value as the surface becomes saturated with the surfactant molecules. The experiment was repeated three times to check the consistency of the results and the average of three readings was taken into consideration. Fig. 12 shows the intensity-weighted distribution prole of different surfactants at 9.3 mM (CMC), 10.3 mM and 11.3 mM. At the CMC, the micellar structures begin to form and a single peak in the size ranges from 5-25 nm of the micelles is observed. At higher concentrations, additional surfactant molecules aggregate towards the micellar structures. This is because of the non-availability of vacant sites for surfactant adsorption at the interface. The intensity of particle distribution prole increases with concentration, due to the greater tendency of the surfactant monomers to form aggregates. Thus, micellization is more favoured when the surfactant concentration exceeds the (CMC value). At the CMC, the adsorption of surfactant molecules at the interface ceases and additional monomers interact with the micelles present at the bulk aqueous phase, resulting in the micellar size to increase.
Dynamic light scattering measurements
In a surfactant system, continuous occulation and deocculation of the surfactant molecules occur, which is due to the variation in particle size and their distribution. Therefore, modelling of the DLS data is important to analyse the size and behaviour of molecules in the aqueous system. The probability distribution analysis showed good tting with the experimental data as the adjusted coefficients of determination for the Gaussian model were found to be 0.967, 0.984 and 0.991 for the 9.3 mM, 10.3 mM and 11.3 mM solutions, respectively. This shows that the size distribution prole obtained from analysis of the surfactant solutions follows a normal or Gaussian statistical behaviour. This was also supported by the low values of offset obtained for the different analyzed systems. The adjusted coefficient values of distribution parameters are represented in Table 3 .
Interfacial tension measurements at the oil-water interface
Studies of the interfacial tension between oil (heptane, decane and dodecane) and the soap-nut surfactant solutions at different concentrations at 303 K are depicted in (Fig. 13) . The interfacial tension initially decreases to a minimum value, due to the dynamic equilibrium existing between adsorption and desorption of the surfactant molecules at the oil-water interface. As the aqueous phase interacts with the oil phase, surfactant molecules show a diffusion phenomenon from the bulk to the water interface, while at the interface of oil and water, phase adsorption occurs. Here, at rst, the adsorption rate of molecules was higher than the desorption rate, leading to a lowering of the interfacial tension. Finally, when an equilibrium state was achieved and the adsorption and desorption forces were balanced, the IFT approached towards a constant value. 34 At 9.3 mM (the CMC), the value of IFT was found to be lowest in all the oils tested. As the surfactant concentration was further increased, micelle formation took place, resulting in a slight increase in IFT. It was found that with the increasing EACN number of the alkanes, the tendency to reduce the IFT decreases.
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Foamability and foam stability of the synthesized surfactant
The foam height can be calculated by the net foam generated in the foaming process. At a particular instance of time, the foam height can be evaluated from eqn (3);
where h foam , h total and h liquid as a function of time are depicted in Fig. 14a . The foam stability increases with increasing the concentration 36 of the surfactant solution and becomes constant aer it has reached a certain value. At low surfactant concentration, the free concentration of the surfactant is depleted because of its adsorption onto the particles. The surfactant molecules cannot stabilize the foam, but with increasing the concentration, the drainage from the foam slows down, which favours the foam stability.
37 Amphiphilic particles promote foaming by attachment to the bubble surface as individual particles but at higher concentration, say above the CMC, the particles concentration foamability is inhibited due to occulation of the bubbles. 38 In addition, it can be observed from Fig. 14b that the half-life time increases with the surfactant concentration. The half-decay time values for the surfactant solutions were 48, 49, 52, 54, 55, 58 and 59 min for 7, 9, 11, 13 mM solutions, respectively. However, it was also evident that the foam stability does not increase drastically, but gradually with the surfactant concentration, showing that a quite longer foam life could be observed as a result of the optimization of the surface and interfacial properties of the surfactant.
Emulsion stability
Surfactants possess an important property of emulsication, which leads to their use as emulsifying agents in various industrial applications. The amphiphilic property of a surfactant helps in solubilizing the water in non-polar liquids, like oils. Surfactants get adsorbed on the oil-water interface to reduce interfacial tension. This subsequently leads to a decrease in the energy required to form the oil-water interface for the emulsion. The oil-in-water emulsion so formed shows the emulsication ability of the surfactant. Here, emulsions formed by a surfactant near the CMC were found to be stable and did not separate for more than 180 min, when compared to the other lower concentrations, which were less stable for the time lapse the experiment was under observation for, as shown in (Fig. 15) . At the CMC, it was observed that the stability time was the highest, showing the greatest packing density within the cross-sectional area per adsorbed surfactant molecule.
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With the further increase in concentration, the packing density of surfactant molecules at the oil-water interface remain unaltered, due to the unavailability of vacant sites for adsorption. The stabilizing effect of oil-in-water emulsions at concentrations near the CMC could be attributed to the ability of longchain alkanes in the oil to associate and form mixed monolayers with the adsorbed ionic surfactant at the oil-water interface. [45] [46] [47] Therefore, the adsorption tendency is favoured till the CMC concentration is reached, following which the micellization tendency in the bulk oil phase is favoured. The emulsions formed in the presence of 5% oil (heptane, decane and dodecane) were found to remain stable even aer 24 h visual observation, as evident from Fig. 15 and 16 . Emulsions formed with decane and dodecane were found to be more pronounced as compared to the heptane system with the lapse of time.
Adsorption behaviour at the air-aqueous interface
The surface excess concentration, (G max ) is an important parameter for calculating the degree of adsorption of surfactant molecules at the air interface 48 as obtained by using Gibb's isotherm eqn (4):
where G max corresponds to the surface excess concentration of the surfactant solution calculated in mol m À2 , R represents the gas constant (R ¼ 8.314 J mol À1 K À1 ), T represents the temperature measured in K, g represents the surface tension measured in mN m À1 , c is the surfactant concentration in the aqueous phase and (dg/d ln c) corresponds to the surface tension isotherm slope up to the CMC (the concentration at which the surface tension isotherm curve shows a sharp break).
To determine the surface activity of a surfactant solution, it is essential to consider the packing density of the surfactant solution at the air interface. The orientation and degree of packing of the adsorbed surfactant molecules can be calculated using the area per molecule at the interface. From the surface excess concentration, the minimum area (A min ) occupied per surfactant molecule (inÅ 2 per molecule) at the air interface can be obtained using eqn (5): and A min calculated from Gibbs adsorption isotherm predict the molecular arrangement of surfactant molecules at the air interface. 49 The greater the adsorption, the smaller is the effective area (A min ) of surfactant molecules at the surface.
The adsorption efficiency, pC 20 , and surface tension reduction effectiveness, P CMC are supplementary parameters that show the surface activity of the surfactant molecules in solution. 50 The adsorption efficiency can be calculated using eqn (6):
where pC 20 is the surfactant concentration which lowers the pure solvent surface tension by 20 mN m À2 and is the minimum concentration required for saturation of the surface adsorption. The other parameter P CMC indicates the minimum value of the surface tension caused by dissolution of the surfactant molecules and hence represents the surfactant efficiency to lower the surface tension of the solvent, as calculated using eqn (7):
where g CMC and g o are the surface tensions of the solution at the CMC and of pure solvent, respectively. A greater value of P CMC or smaller value of g CMC predicts a better ability to lower the surface tension of a solution. This clearly shows that with an increase in temperature, the ability to lower the surface tension of aqueous solutions is signicantly enhanced. The different adsorption parameters are depicted in Table 4 .
Thermodynamics of micellization and adsorption
Micellization is the process of an association-dissociation phenomenon in which both micelles and surfactant molecules simultaneously exist in a surfactant solution. Fig. 17 shows a schematic explaining the micellization process with increasing surfactant concentration. A coulombic force of repulsion exists between the polar head group acting against the attractive force between the hydrophobic hydrocarbon tail chains of the surfactant in order to form agglomerates, which separate them continuously. 49 The Gibbs free energy change of micellization (DG mic ) can be calculated by using eqn (8) :
where R is the universal gas constant (8.314 J K À1 mol À1 ), T is the temperature (K) and X CMC is a ratio of the molar concentration of the surfactant in the liquid phase at the CMC and that of the solvent in the liquid phase. The values of DG mic were found to be negative for the soap-nut oil-based surfactant system at different temperatures, showing that the micellization process was feasible. The enthalpy of micellization for the soap-nut oil derived surfactant system was determined by using the values of DG mic in the Gibbs-Helmholtz relation, as shown in eqn (9):
The value of the DH mic is negative, which proves that micellization was favourable for its application. The higher the negative value of DH mic , the greater is the tendency of micellization.
The entropy change can be calculated easily with the already calculated values of Gibbs free energy change and the enthalpy change. Taking entropy as a function of the temperature and volume of surfactant solution, the TDS mic equation can be expressed according to the second law of thermodynamics in eqn (10):
The values of DS mic were found to be positive. As we know, the entropy of a system is the degree of randomness, here is was observed that the entropy increased with the increase in temperature as the randomness of the system increased by the destruction of micellar structures. This result further validates the more negative values of DG mic with the increase in temperature. Table 5 shows different parameters calculated during the micellization study.
A complete analysis of the adsorption parameters at the air interface was performed from the surface tension data for airaqueous systems at different temperatures. The amount of surfactant solution adsorbed at the air interface per unit area was calculated using Gibbs adsorption equation. With the addition of the surfactant in the aqueous phase, the surfactant molecules initially adsorb at the interface between air and aqueous solution. The Gibbs free energy of adsorption (DG ads ) in kJ mol À1 was determined from the calculated value of DG mic (kJ mol À1 ) in eqn (11): here, the DG ads values are more negative than DG mic for the surfactants at all temperatures, conrming that the adsorption process is generally favoured over micellization, as depicted in (Fig. 18 ). Fig. 19 shows the variation of TDS mic with ÀDH mic for the soap-nut oil surfactant solutions. Initially, DH mic shows a linear relationship with TDS mic . Aer a threshold value of DH mic is reached, the slope of the curve slightly decreases due to the reduction in micellization. Studies involving enthalpy-entropy compensations show that (ÀDH mic ) < (TDS mic ). Therefore, it is evident that the micellization behaviour of the surfactant is entropy driven, not enthalpy driven.
Conclusion
The effectiveness of an anionic surfactant synthesized from a natural vegetable resource, soap-nut pericarp was evaluated with an objective to nd an alternative to the commercial surfactants available in the market. The surfactant synthesized was suitably characterized by FTIR, GC-MS, EDX and FE-SEM techniques for the determination of the functional groups, various composition of esters, elemental composition and molecular surface morphology, respectively. Thermogravimetric analysis was performed and showed good thermal stability of the synthesized surfactant, suggesting it could be used for industrial applications at varying temperatures. The Kra temperature of the synthesized surfactant solution was observed at below 277 K. The CMC of the soap-nut surfactant was calculated using the conductivity method and was found to be 9.3 mM at 298 K. Low interfacial tension values at the airwater and oil-water interfaces predicted its efficacy to be employed as a surface active agent in different industries. DLS studies revealed that a fraction of the micellar structures at the CMC aggregate to form clusters as the additional surfactant is added to an aqueous solution. The effect of temperature on the surface tension values was also studied and it was found that the surface tension values decreased with the increase in temperature. Further, it was noticed that the CMC of the surfactant increased with increases in the temperature because of distortion of the structured water molecules adjoining to the hydrophobic group of the surfactant. The aggregation process of surfactant molecules was entropy driven, not enthalpy driven. Thermodynamic studies revealed that the adsorption tendency was more favoured than micellization in air-aqueous systems at a varied temperature range. This may be attributed to the greater tendency of surfactant molecules to migrate to the interface rather than aggregating to micellar structures. The adsorption and micellization behaviours were observed to critically depend on temperature. The foam stability of the surfactant solution is an important property as it facilitates the adsorption of surfactant molecules at the air-water interface. In the emulsion stability at the CMC with oil, a low value of surface tension at the air-water interface and oil-water interfaces provided ground to suggest its potential application in various elds of application as an eco-friendly and biodegradable surfactant.
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